Clay-based polymer nanocomposites have attracted considerable interest in recent years because of the intermarriage between organic and clay components at nanoscale measurement offers prospect of new and enhanced properties. Resulting nanomaterials are of practical importance in applications that require exceptional mechanical properties, remarkable thermal stability, and good barrier properties. This review paper highlights the benefits we can derive from the preparation of these nanomaterials.
INTRODUCTION
This article discusses the different remarkable property enhancements observed in clay-based polymer nanocomposite systems obtained through the clay incorporation in various polymeric materials since an exfoliated clay-polymer nanohybrid material was first reported by the Toyota researchers in the 1980s.
Clay-based polymer nanocomposites are a class of inorganic-organic hybrids having a polymer matrix reinforced with a small loading (<10%) of nanometricsized clay platelets (Giannelis, 1996; Ogasa et al., 1995; Ogawa and Kuroda, 1997; Alexandre et al., One-pot, 2001; Fu and Qutubuddin, 2001; Song et al., 2015; Unuabonah and Taubert, 2014; Lambert and Bergaya, 2013; Bergaya et al., 2013; Kim and Palomino, 2011; Wang and Pinnavaia, 1994) . The term nanocomposite refers to a combination of two or more materials where one of the phases has one, two or three dimensions within the nanometer (10 -9 m) range (Goldstein, 1997) . Due to the small size and the high surface-to-volume ratio of the inorganic filler at this length scale, the polymer nanocomposites have exhibited remarkable property enhancements and new properties compared to their unfilled polymer and conventional composites. The reinforcing material having at least one dimension in the nanometer length scale can be made up of particles, sheets or fibers. In the case of a claybased polymer nanocomposite, the inorganic phase is a layered silicate clay. It has a layered structure consisting of stacks of silica platelets each having a thickness of about one nanometer.
In most polymer-clay nanocomposites, the most preferred material as a filler is montmorillonite (MMT) owing to its layered structure and rich intercalation chemistry (Osman et al., 2017; Martino et al., 2017; Chen et al., Quaternized, 2017; Hajibeygi et al., 2016; Penaloza et al., 2015; Marchante and Beltrán, 2015; Spoljaric et al., 2014; Valandro et al., 2013; Schauberger et al., 2013 ). An individual clay platelet in an MMT clay structure is about one nanometer thick. The goal is to fully exfoliate these platelets into several individual sheets leading to a well-dispersed and random orientation in the organic phase (Figure 1) . (Usuki et al., Synthesis, 1993; Usuki et al., Swelling, 1993) 
PIONEERING WORK OF TOYOTA
Polymer nanocomposites based on silicate clays were first observed by the Toyota's Central Research and Development Laboratories in the 1980s in which a low amount of a modified montmorillonite (MMT) clay incorporated into a nylon 6 matrix dramatically improved the physical properties of the nylon-clay hybrid (NCH) in comparison to an unfilled nylon 6 polymer Kawasumi, 2004; Kojima et al., 1994; Usuki et al., Interaction, 1995; Usuki et al., Synthesis, 1995) .
By replacing cations in the galleries of the MMT clay with alkyl ammonium ions (Figure 2 ), the Toyota researchers were able to swell the clay and polymerize ε-caprolactam into the galleries of the MMT clay filler to produce a nylon-clay nanocomposite that exhibits remarkable physical property improvements.
The hybrid nanomaterial containing only a very small amount of clay exhibited a modulus that more than doubled and a tensile strength that was enhanced by as much 50% relative to the unfilled nylon 6. The heat distortion temperature of the nanocomposite was increased from 65 °C to 152 °C, at 5% loading (Figure 3) (Kojima et al., 1994; Usuki et al., Polymer-clay, 2005) .
The polymerization of the caprolactam is initiated from the carboxylic acid groups of the alkyl ammonium cations ionically tethered to the MMT clay. The growing polymer chains forced the silicate layers far apart creating a nanocomposite where they observed individually dispersed MMT platelets homogeneously distributed in the nylon 6 matrix. With this technique, polymer chains are tethered to the surface of the silicate filler through ionic interactions between the negatively charged silicate surface and the positively charged ammonium cation located at one end of the polymer chain.
The observed property enhancements of these nanocomposite materials do not only depend on the properties of the clay filler and the nylon matrix but also on their morphology and interfacial characteristics. To determine the morphology of the silicate clay in the nanocomposite, transmission electron microscopy (TEM) and scanning electronic (Usuki et al., Synthesis, 1993; Usuki et al., Swelling, 1993) . (Usuki et al., Synthesis, 1993; Usuki et al., Swelling, 1993; Okada and Usuki, Twenty, 2006) . David P. Penaloza, Jr microscopy (SEM) were used. The TEM and SEM images of the nanocomposites showed that the clay is exfoliated.
CLAY-POLYMER INTERACTION
There are three possible morphologies when a clay filler and a polymer interact-conventional composite, intercalated and exfoliated (Figure 4) . In a conventional composite (Kornmann et al., 2001; Bledzki and Gassan, 1999; Hedenberg and Gatenholm, 1995; Eichhorn et al., 2001; Rong et al., 2001) , the clay stacking remains the same due to the inability of the polymer chains to enter between the clay galleries. The clay exists as aggregates and there is little to no interaction between the clay and the polymer. In an intercalated (Lee and Jang, Preparation, 1996; Noh and Lee, 1999; Lee and Jang, Characterization, 1998; Vaia et al., New, 1995; Szymczyk et al., 2013; Shakoor et al., 2012; Hong and Rhim, 2012 ) structure, there is clay swelling due to the polymer chains being able to insert between the clay galleries. This is characterized by the increase in the interlayer spacing of the clay layered structure. When the clay platelets are fully delaminated from the original stacking and are well dispersed and randomly oriented in a continuous polymer matrix, an exfoliated structure is achieved (Penaloza et al., 2015; Kornmann et al., 2001; Fischer et al., 1999; Strawhecker and Manias, 2000; Moustafa et al., 2017; Marques and Fernandes, 2017; Swaminathan and Shivakumar, 2011) . The exfoliated structure is thought to yield the maximum enhancement of physical properties.
X-ray diffraction (XRD) and transmission electron microscopy (TEM) are usually employed in studying the morphology of the clay fillers in nanocomposites. An XRD plot of a silicate clay having an intercalated structure in a nanocomposite will have the (001) characteristic peak shifted at a lower angle due to the expansion of the space gaps between platelets. Although the layer spacing increases, there still exists an attractive force among the silicate layers to stack them in an ordered structure. In contrast, no peaks are observed in the XRD pattern of an exfoliated claybased polymer nanocomposite due to the loss of the structural registry of the clay layers. The absence of Bragg diffraction peaks in the nanocomposites may indicate that the clay has been completely exfoliated or delaminated as shown in Figure 5 . Results from an XRD measurement to establish whether the clay structure is either intercalated and/or exfoliated is further substantiated with TEM images of the nanocomposites. TEM can provide useful information in a localized area on the morphology, structure and spatial distribution of the dispersed phase of the nanocomposites. Hence, in establishing whether the inorganic clay phase of a nanocomposite exists either as intercalated or exfoliated, XRD and TEM are used as complementary characterization techniques.
Several reports in the literature indicate that the enhancement in the physical properties, such as mechanical, thermal and barrier properties of the nanocomposites, are observed when the incorporation of an organoclay to a polymer matrix led to randomly dispersed, individually delaminated silicate platelets to prepare clay-based polymer nanocomposites. For example, the pioneering work of the Toyota researchers showed well-dispersed clay platelets in the nylon 6 nanocomposites that have exhibited better mechanical and thermal properties as compared with the pure nylon 6, as well as improved stiffness without much change in the toughness Kawasumi, 2004; Kojima et al., 1994; Usuki et al., Interaction, 1995; Usuki et al., Synthesis, 1995) . (Alexandre and Dubois, Polymer-layered, 2000) . (Vaia and Giannelis, Polymer, 1997) .
Figure 5. Representative XRD Plot of a Nanocomposite System where the Clay Filler Can Exist in a Polymer Matrix either as Aggregates (microcomposite); Intercalated or Exfoliated Structure
A clay-based polyimide film was prepared by dispersing the organoclay in N,N-dimethyl acetamide (DMAc), then addition of diamino diphenyl ether and pyromellitic dianhydride (PMDA) was done. The solution was stirred for 6 hours. Then, the film was cast from the homogeneous mixture and heated to 300 °C to polymerize. X-ray diffraction (XRD) and transmission electron microscopy (TEM) (Figure 6 ) confirmed the exfoliation of the clay layered structure. At only 2% wt clay loading, the clay-poly(imide) nanocomposite exhibited 50% reduction in water and CO 2 permeability (Yano et al., 1997; Yano et al., 1993) . Wang and Pinnavaia (1994) (Wang and Pinnavaia et al., 1994) reported the delamination of modified MMT clay in the preparation of an epoxy resin nanocomposite. The delamination of the clay filler into nanometerthick layers was confirmed by transmission electron micrographs. Also, the diffraction experiments revealed the absence of clay reflections in the X-ray powder diffraction patterns confirming the loss of ordering in the clay filler.
Chen and co-workers (1999) and Okamoto and co-researchers (2000) worked on polymerization of methyl methacrylate (MMA) in the presence of previously modified MMT clay and were successful in preparing partially exfoliated PMMA nancomposites. Giannelis (1996) achieved delamination of MMT clay to prepare an exfoliated PMMA nanocomposite that exhibited a 6 °C increase in glass transition (T g ) temperature and 50 °C increase in the decomposition temperature. Jin et al. (2002) reported exfoliated organo-modified MMT clay in a poly(ethylene) nanocomposite. The nanocomposite is prepared by Ziegler-Natta polymerization of ethylene in the presence of a commercially available organoclay, Cloisite30B. Cloisite30B contains methyl tallow bis(2-hydroxyethyl) quaternary ammonium (MT 2 EtOH) between the silicate layers. Ethylene polymerization inside the clay galleries was made possible through bound catalysts found in between clay layers. Prior to polymerization, the catalyst, TiCl 4 , was attached to the clay surface through its reaction with the hydroxyl groups of the intercalating agent. The presence of the hydroxyl groups in the intercalation agents offers facile reactive sites for anchoring catalysts in between silicate layers.
Other authors have reported the preparation of exfoliated nanocomposites by incorporating modified clay in different polymeric materials that include poly(amides) (Kojima et al., 1994; Usuki et al., Interaction, 1995; Zhang et al., Crystal, 2006; Fornes et al., 2002) , poly(olefins) (Jin et al., 2002; Zhang et al., Controlled, 2006; Alexandre et al., Polyethylene-layered, 2002) , poly(styrenes) and poly(imides) (Yano et al., 1997; Yano et al., 1993) .
While the exfoliated morphology is desirable for clay-based nanocomposites to achieve various significant property improvements, it is not easy to achieve complete exfoliation of clays. Several factors are found to influence the degree of delamination in clay-based polymer nanocomposites.
Based on their work on epoxy nanocomposites, Lan et al. (1995) found the type of surfactants used to pre-treat the MMT filler influences the morphology of the nanocomposite. An exfoliated epoxy nanocomposite was obtained when the clay filler was previously modified with primary and secondary onium salts. The use of tertiary and quaternary surfactants to surface modify the clay resulted to intercalation.
NANOCOMPOSITE PREPARATION
The remarkable improvements in the physical properties of polymeric materials due to the incorporation of clay fillers have led to the increased attention on the preparation of clay-based polymer nanocomposites in recent years. These significant enhancements have been attributed to the nanometer dimensions of the clay fillers (Alexandre and Dubois, Polymer-layered, 2000; Vaia and Giannelis, Lattice, 1997; Decker et al., 2005; Ramesh and Punithamurthy, 20017; Venugopal et al., 2016; Majka et al., 2016; Li, 2016; Khandal et al., 2016; Triantou et al., 2015; Mattausch, 2015; Hoang et al., 2015; Giroto et al., 2015) . The most significant enhancements have been observed in the nanocomposites where a complete delamination of the clay structure (exfoliation) is achieved. The clay particles may also be dispersed in aggregates that retain their layered structure (intercalated state) with polymer chains embedded between the clay sheets requiring the layers farther apart. The hydrophilic clay particles are typically modified prior to their use in nanocomposite preparation. (Yano et al., Synthesis, 1997) .
Even with the incorporation of organomodified clays, the complete exfoliation of clay particles is usually difficult to attain. Different techniques of nanocomposite preparation have been utilized to facilitate exfoliation of the clay fillers to varying degrees of success. There are three principal strategies to prepare polymer-clay nanocomposites including solution-blending (Horsch et al., 2006; Hasegawa et al., 2003) , melt intercalation (Giannelis, 1996; Vaia et al., New, 1995; Fornes et al., 2002; Cho and Paul, 2001; Vaia et al., Synthesis, 1993; Colonna et al., 2010; Sinha Ray et al., Structure-property, 2003) and in situ intercalative polymerization (Huang and Brittain, 2001; Weimer et al., 1999; Okamoto et al., 2000) (Figure 7) . Solution Blending. Solution blending involves mixing a pre-formed polymer solution with clay. In this method, the polymer is solubilized in an appropriate solvent and then the clay is dispersed. The selected solvent should dissolve both the polymer and the clay filler. The selection of a proper solvent is a key factor to achieve a high degree of exfoliation of the clay structure in the polymer (Li et al., 2016; Ho and Glinka, 2003; Shori et al., 2015; Ziadeh, 2014) . In the case of the clay, the solvent needs to promote swelling in the layered structure so that the polymer chains can intercalate between the galleries. When the solutions of the pre-formed polymer and the layered silicate clays are mixed, the polymer chains intercalate in the interlayers of the layered silicates. Subsequently, the solvent is evaporated or the polymer is precipitated to recover the nanocomposites. This method of nanocomposite preparation is widely used involving water-soluble polymers because of the need for large amounts of the solvent to ensure a good dispersion of clay. The intercalation of polymers in the clay galleries can also be possible in the presence of organic solvent. For instance, poly(ethylene oxide) (PEO) has been successfully intercalated in sodium clay and sodium hectorite by dispersion in acetonitrile (Wu and Lerner, 1993) .
The solution blending method was first utilized by Aranda and Ruiz-Hitzky in 1992 to prepare a PEO/ MMT nanocomposite. Different polar solvents (e.g. water, methanol and 1:1 mixtures of these solvents) were used to swell the MMT clay in order to intercalate the PEO chains. They observed that the high polarity of water promotes cracking of the PEO films while methanol was not suitable for the high molecular weight PEO. However, 1:1 mixture of water and methanol appeared to be useful for the intercalation of the PEO inside the MMT galleries although cracking of the PEO films was still observed.
Most often, the clay is usually modified to become compatible with the polymer matrix. For example, in the work of Jeon et al. (1998) involving nanocomposites prepared from nitrile-based copolymers and poly(ethylene)-based polymers using sodium montmorillonite (Na + -MMT) that was organically modified by treatment with protonated dodecylamine prior to solution blending. Greater dispersion was found in the nitrile-based copolymer rather than in the poly(ethylene)-based, suggesting differences in the degree of physical interaction with the modified clay. Instead of being individually dispersed, most layers were found in thin stacks comprising several swollen layers. Pramanik and co-workers (2003) reported the preparation of an ethylene vinyl acetate (EVA)-clay nanocomposite. A copolymer of ethylene and vinyl acetate was solution blended with an organomodified MMT clay to prepare EVA-clay nanocomposite. The copolymer contains 12% vinyl acetate and is solubilized in toluene. The MMT clay is modified by intercalating with a dodecyl ammonium ion before dispersion in N,N-dimethyl acetamide (DMAc). The solution blending of the organoclay in the copolymer resulted in clay-polymer nanocomposites with delaminated configuration up to 6% wt of the clay fillers. At 8% wt clay loading, the hybrid registered a d001 peak at about 2θ = 5.6, an indication of aggregation of the aluminosilicate layers in the matrix. The significant enhancement in the properties of the nanocomposites with exfoliated morphology were observed. For instance, the nanocomposite filled with 2% wt clay exhibited a tensile strength that is 36% higher as compared with the neat ethylene vinyl acetate copolymer.
Melt Intercalation. Melt intercalation is a method involving mixing of the layered silicate with the polymer matrix in the molten state (Vaia and Giannelis, Lattice, 1997; Vaia et al., Synthesis, 1993; Vaia and Giannelis, Polymer, 1997; Cui et al., 2015; Crétois et al., 2015; Vuluga et al., 2014; Souza, 2013) . The blending process involves the mixing between the clay layers or galleries. The outcome of polymer intercalation in the galleries of the host silicate clay depends critically on the compatibility between the clay fillers and the polymer bulk. Sinha Ray and Okamoto (2003) pointed out that the most favorable inorganic host for nanocomposite formation using this process is a modified clay that has an optimal interlayer structure (e.g. the alkyl chains of the modifiers are long enough and the number of chains per area is sufficient to permit intercalation). The polymer intercalation depends on the existence of a favorable interaction between the modified clay and the polymer matrix. By prudent choice of the alkyl ammonium cation, the interactions between the host layer and the intercalated polymer can be used to prepare polymer-clay nanocomposites.
Using numerical self-consistent field (SCF) calculations, Balazs et al. (1998) and Zhulina et al. (1999) investigated the factors that affect the intercalation of polymer molecules during melt into the layered structure of the clay host. They found that having the surfactants previously used to modify the host clay to be of the same length as intercalating polymer chains favors greater separation of the clay layers as this allows the polymers to access more conformational degrees of freedom. They further reported that the density of the surfactant can affect the penetration of the polymer chains during melt intercalation, indicating that a high surfactant density can prevent the intercalation of chains further inside the clay host galleries. Thus, it is important in the preparation of a clay-based polymer nanocomposite to select the appropriate organoclay. Cho and Paul (2001) used a conventional screw extruder to prepare a clay-polyamide nanocomposite by melt compounding. The exfoliation of the organo-modified MMT clay in the nylon 6 matrix was achieved using a twin screw extruder but the use of a single screw extruder was far less effective. The mechanical properties like the tensile modulus and yield strength of these organoclay nanocomposites were significantly increased with a marginal decrease of ductility compared to the unfilled nylon 6. Also, the mechanical property measurements of the clay-based nanocomposites yielded much greater values than their glass fiber composite counterparts prepared using the same process.
A clay-based nylon nanocomposite was prepared by Liu et al. (1999) using a melt intercalation process. The MMT clay was first modified using an ion exchange reaction with an octadecyl ammonium salt prior to the melt compounding with nylon 6 in a twin-screw extruder. The mechanical and thermal properties of the nanocomposite are superior to those of the the bare nylon 6 in terms of the heat of the silicate clay fillers with polymer pellets at a temperature above the softening point of the polymer matrix (Giannelis, 1996) . During the process, the polymer chains diffuse from the bulk polymer melt into the interlayers between the silicate platelets. A range of nanocomposites with varying degree of intercalation/exfoliation can be obtained depending on the degree of penetration of the polymer chains into the silicate galleries. In 1993, Giannelis and co-worker (1993) were the first to show that it is possible to melt-mix polymers with clays without the use of organic solvents. Compared to solution dispersion and in situ intercalative polymerization techniques, an advantage of melt intercalation as a method of nanocomposite preparation is that no solvent is required. The direct intercalation of the polymer chains inside the host clay galleries was made possible by mixing the clay with a polymer powder and then pressing the mixture into a pellet and heating the polymer-clay mixture at an appropriate temperature. For example, in the case of poly(styrene) (PS), the polymer (Mw = 400,000 g/mole) was intercalated by mixing 0.25 g of PS with 0.75 g of alkyl ammonium MMT into a pellet and heating the pellet in vacuum at 165 °C. This temperature is well above the bulk glass transition temperature of PS (96 °C) ensuring the presence of a polymer melt.
Aside from the elimination of the use of solvent, this approach is appealing to industry as it can be combined with existing conventional polymer processing techniques like extrusion that would greatly expand the commercial opportunities for this technology. Melt compounding is more economical and simple since this process eliminates the use of solvent and would allow direct preparation of nanocomposites using ordinary compounding devices such as extruders or other mixers. These attributes of a melt intercalation make it a viable method to prepare nanocomposites from polymers that are produced on large scales industrially. Melt intercalation is broadly applicable to many commodity and engineering polymers ranging from non-polar poly(olefins) to strongly polar poly(amides) (Tjong, 2006) .
One important consideration in the use of this solvent-free method as a method of preparing polymer nanocomposites is the compatibility requirement between the polymer and the clay layer surfaces. In addressing the compatibility issue between the inorganic clay and the organic matrix, a silicate clay is usually derivatized first with alkyl ammonium cations via an ion exchange reaction prior to mixing. The direct polymer melt intercalation can be used to prepare nanocomposites where polymer chains can diffuse into the space distortion temperature, strength and modulus. At a 4.2% weight clay reinforcement, the nanocomposite has a higher heat distortion temperature, 112 °C compared to the neat nylon 6 which distorts at 62 °C. Similarly, mechanical properties that include yield strength, flexural strength, and modulus all have been improved while not sacrificing its impact strength.
In situ Intercalative Polymerization. In the in situ intercalative polymerization, the monomer together with the initiator and/or catalyst is mixed with the silicate layers and is intercalated within the interlayers of the host silicates. The polymerization is then initiated using external stimulation such as thermal, photochemical or chemical activation (Akat et al., 2008; Nese et al., 2006; Yenice et al., 2009) . With the monomers and the initiators and/or catalysts found in the interlayers, the polymerization occurs inside the clay galleries of the host silicates. As the polymer chains grow inside the host clay galleries, the clay sheets are gradually exfoliated. The growing polymer chains in the clay galleries make the platelets far apart until the inorganic phase loses its registry of an ordered arrangement leading to the delamination of the silicate filler in the polymer matrix. Since the polymer growth inside the galleries serves as the driving force for the exfoliation of the host layered structure, the success of the clay delamination would depend on how much initiators and/or catalysts diffuse into the interlayers of the host clay.
This approach was first utilized by the Toyota researchers using a layered clay as a filler to a polyamide matrix in the 1980s to prepare polymerclay nanocomposites that they referred to as nylonclay hybrids (NCH) (Kawasumi, 2004; Kojima et al., 1994 , Usuki et al., Interaction, 1995 Usuki et al., Synthesis, 1995; Yano et al., 1997; Yano et al., 1993; Hasegawa et al., 2000) . They were able to swell a montmorillonite clay derivative that was previously modified with an amino acid modifier by the addition of caprolactam. The intercalated monomer was then subsequently polymerized in the interlayer of the montmorillonite clay yield a nylon 6-clay hybrid (NCH).
They organically modified sodium montmorillonite (Na + -MMT) clay with various protonated aminoacids. The carboxyl group of the anchored amino acid modifier initiated the ring-opening polymerization of the ε-caprolactam monomer. They observed that the swelling behavior of the modified clays depends on the chain length of the amino acid modifier with the longer modifier facilitating the insertion of larger amount of the monomers inside the galleries of the host MMT clay.
The polymerization of the caprolactam is initiated from the carboxylic acid groups of the alkyl ammonium cations ionically tethered to the MMT clay. The growing polymer chains forced the silicate layers far apart. Morphological studies of the NCH showed that the silicate layers of the clay fillers were uniformly dispersed in the nylon 6 matrix.
In an in situ polymerization, the polymer chains are tethered to the surface of the silicate filler through an ionic interaction between the negatively charged silicate surface and the positively charged ammonium cation located at one end of the polymer chain (Advincula, 2006; Zhou et al., 2001 ). Messersmith and Giannelis (1995) utilized the same approach observed by the Toyota researchers in preparing biodegradable aliphatic polyester nanocomposites. The nanocomposites consist of homogeneously dispersed two-dimensional layers of an organically modified silicate (OMS) clay within the poly(ε-caprolactone) matrix. They reported that the homogeneous dispersion of the clay fillers in the nanocomposites significantly improved the barrier properties of the nanocomposite films as compared to the unfilled poly(ε-caprolactone).
To prepare the OMS clay, an ion exchange reaction between Na + -MMT clay and 12-aminododecanoic acid was performed. A number of poly(ε-caprolactone)-silicate nanocomposites (PCLC) were synthesized by mixing different amounts of the OMS (0-30% by weight) with the ε-caprolactone monomer in a vial at room temperature for 1 to 2 h followed by heating in an oil bath with stirring at 17O °C for 48 h. During this process, the -COOH groups of the ionically tethered modifier of the host silicate initiate the ring-opening polymerization of the heterocyclic ε-caprolactone monomer. The product is a polymer-clay nanocomposite with the polyester chains directly grown from the silicate clay surfaces.
Aside from the ring-opening polymerization, other techniques have been used to prepare various polymer-clay nanocomposites via in situ intercalative polymerization method such as conventional free radical polymerization, controlled radical polymerization, and anionic and cationic polymerization (Lee and Jang, Preparation, 1996; Forte et al., 1998; Biasci et al., 1994; Al-Esaimi, 1997; Tseng et al., 2002; Moet and Akelah, 1993; Doh and Cho, 1998) .
Using free radical polymerization technique, the successful intercalation of polymers in the host silicate clay has been achieved through the addition to the clay suspension of a solution of vinyl monomer such as methyl methacrylate (Lee and Jang, 1996; Forte et al., 1998; Biasci et al., 1994; Al-Esaimi, 1997) , and styrene (Fu and Qutubuddin, 2001; Tseng et al., 2002; Moet and Akelah, 1993; Akelah et al., 1994; Doh and Cho, 1998) . For example, Okamoto et al. (2000) prepared a clay-poly(methyl methacrylate) (PMMA) nanocomposite via an in situ intercalative free radical polymerization using smectic clays that are initially modified with an alkyl ammonium salt. t-butyl peroxy-2-ethylhexanate was used as an initiator and was mixed in the suspensions (0.1 wt%). The free radical polymerization of the monomer was carried out in the dark at 80°C for 5 hours. While only intercalation of the filler was achieved and not exfoliation, the nanocomposite exhibited higher storage modulus and higher glass transition temperature compared to the neat polymer. The preparation of other PMMA-clay nanocomposites prepared by in situ free radical polymerization were reported by Biasci et al. (1994) , Lee and Jang (1996); and Forte et al. (1998) .
Utilizing in situ free radical polymerization, several clay-poly(styrene) (PS) nanocomposites were also successfully prepared with the PS chains intercalated between the host clay galleries. This was achieved by initially intercalating the styrene monomers in the galleries of the host MMT clay followed by subsequent free radical polymerization of the styrenes as reported by Akeelah and Moet (1981) , Meier et al. (1994) , Doh and Cho (1998) , and Fu and Qutubuddin (2001) . To ensure the in situ polymerization of the styrenes inside the clay galleries, the host clay is previously modified to ionically anchor the radical initiator, in the process, yielding a PS film that is directly attached to the clay surfaces and intercalated between the silicate platelets.
INSIGHTS AND PERSPECTIVES
In a clay-based polymer nanocomposite, the homogeneous dispersion of delaminated clay fillers in the polymer matrix provides a means of creating hybrid materials that integrate the desirable features of the filler and the bulk material. Also, the synergy between the filler particles and the polymer matrix that are on similar nanometer scales and the large quantity of interfacial area relative to the volume of the material led to significant improvements in the properties of the nanocomposites. A key to these two important concepts is the chemical modification of the clay filler. The advances gained in controlled living polymerization methodologies can be utilized to modify clay. The concept behind this approach is to promote clay exfoliation by facilitating the intercalative polymerization of monomers to occur in the galleries of the layered structure of silicate clays. The direct attachment of polymer chains onto clay particles have the obvious advantage of producing organic-inorganic hybrid materials that are more thermodynamically stable as compared with clay composites prepared by physically blending a clay filler and a polymer matrix. In this type of nanocomposites, there is a strong interfacial effect between the layered silicate fillers and matrix polymers.
CONCLUSION
Over the last forty years, two important research outputs have contributed immensely in the increased attention in the field of polymer nanocomposites. In the 1980s, the first silicate-based nanocomposite was prepared from a polyamide by scientists from the Toyota's Central Research and Development Laboratories (CRDL). The researchers were able to synthesize nylon-clay hybrid (NCHs) using in situ intercalative polymerization technique. The NCHs have exhibited substantial increases in the tensile strength, modulus and heat distortion temperature. While higher modulus and tensile strength were noted for the NCHs, interestingly, the impact strength of the hybrid did not suffer any reduction as usually expected in conventional composite materials. These remarkable property enhancements led to the first commercial application of clay-filled polymer in the manufacture of timing belt cover on Toyota cars. Then in 1993, the research team of Vaia et al. showed that it is possible to prepare a clay-based polymer nanocomposite by melt mixing polymers with clays previously modified with cationic organic surfactants. This process eliminates the use of organic solvents. This is very appealing from the point of view of the industries as clay-based polymer-nanocomposites can be prepared using existing industrial setups. The elimination of the use of large amount of solvents also reduces production cost. These approaches of preparing polymer-clay nanocomposites have opened the doors for vigorous research works aimed at enhancing properties of various types of polymers in recent years.
